graphene flake and ferromagnetic electrodes shows a 12% MR at 7 K when a MgO tunnel barrier is inserted at the graphene/ electrode interface. 8 Unlike graphene, which is a nonmagnetic zero-bandgap semiconductor, zigzag graphene nanoribbons (ZGNRs) have a magnetic moment on the two edges.
A high-performance spin-valve with giant magnetoresistance (GMR) can be constructed by either using a ferromagnetic ZGNR connected to two ferromagnetic electrodes 9, 10 (first type) or using an antiferromagnetic ZGNR connected to two metal electrodes 11 (second type). The first type of device functions via changing the relative direction of the local magnetic field applied on the electrodes, and the second type of device does so by applying a magnetic field on the antiferromagnetic ZGNR. ZGNRs are also predicted to be a half-metal when a transverse electrical field is applied, 12 the two edges are differently functionalized, 13 or they are rolled into nanoscrolls. 14 However, at present, graphene nanoribbons with nanometer scale width cannot be produced with desirable experimental control, and production of dense arrays of ordered graphene nanoribbons remains a big challenge. 15, 16 One fundamental question arises: Is it possible to fabricate high-performance spin-valves and spin-filters from two-dimensional graphene instead of onedimensional ZGNRs? Functionalization of graphene is a possible scheme to attain such a goal. Fully hydrogenated graphene, which is referred to as "graphane", was predicted theoretically 17 and later synthesized through two different chemical approaches. 18, 19 Graphane is a nonmagnetic semiconductor with a direct bandgap of 3.43 eV. 20 Graphene functionalized by groups beyond the hydrogen such as graphene oxide 21 and graphene fluoride 22À24 have also been synthesized.
the magnetic moments at these sites couple ferromagnetically. By synthetically incorporating molecular building blocks, graphane-like and porous-graphenelike polymers have been obtained experiemntally. 27, 28 Notably, Kim et al. proposed one novel organic graphene-like polymer, 2,4,6-tri(1,3,5-triazinyl)methyl radical polymer, which is predicted to be half-metallic in terms of the DFT calculations. 29 The existence of magnetism in single-side hydrogenated graphene suggests possible application of functionalized graphene as highly effective spintronics materials. In this article, using the DFT and nonequilibrium Green's function (NEGF) method, we explore the possibility of fabricating high-performance spintronics devices from functionalized graphenes. We consider two types of functionalization schemes. One is functionalization on one side of graphene (the number of functional groups equals half the number of C atoms), and the other is different functionalizations on the two sides of graphene (the number of each kind of functional groups equals half the number of C atoms). Both boat and chair conformations have been considered. A highly polarized metallic ferromagnet is obtained when graphene is functionalized with O on one side and H on the other side in the chair conformation, and GMR is obtained in a spin-valve based on graphene functionalized by F on one side in the chair conformation. New avenues are therefore opened for application of graphene in high-performance two-dimensional spintronics devices.
RESULTS AND DISCUSSION
We consider five different functionalized graphenes: graphene functionalized with F (F-graphene), O (Ographene), or OH (OH-graphene) on only one side and graphene functionalized with H on one side and with F (F-graphene-H) or O (O-graphene-H) on the other side. As each functionalized graphene has both chair and boat conformations, we calculate 10 different structures in total.
We begin our study by optimizing the geometric structures of the 10 different functionalized graphenes in their nonmagnetic state. The difference in geometry between different magnetic states is negligibly small. We present the chair and boat conformations of some functionalized graphenes in Figure 1 and Figure 2 , respectively. All the chair conformations have rhombic primitive cells (marked in black in Figure 1 ) containing two C atoms, and all the boat conformations have rectangular primitive cells (marked in black in Figure 2 ) containing four C atoms. In all the structures except the O-graphene, C atoms of the graphene layer are corrugated, forming two atom sublayers, and the F and O atoms are above one C atom. We display the optimized structure of the chairlike and boatlike F-graphene-H in Figure 1a and Figure 2a , respectively. The structure of the chairlike O-graphene-H is similar to that of the chairlike F-graphene-H, and each O atom still has an unpaired electron after functionalization. In the boatlike O-graphene-H, two O atoms sitting above two nearest C atoms form a single bond with a length of 1.50 Å. In the OH-graphene (Figure 1b and 2b) , all the H atoms tend to sit above the center of the hexagonal ring of graphene. As shown in Figures 1c and 2c , the O atoms of the O-graphene sit above the carbonÀcarbon bonds and form two bonds with two carbon atoms ([2þ1] cycloaddition), leaving all the C atoms in one layer. Here we define the fully functionalized graphene as graphene in which all the C atoms in the graphene layer are functionalized, such as O-graphene, F-graphene-H, O-graphene-H, and graphane. Correspondingly, in the semifunctionalized graphene, such as In the semifunctionalized graphene, only half the C atoms that are functionalized become sp 3 -hybridized.
The geometric parameters of all the checked functionalized graphenes and graphone and graphane are displayed in Table 1 . All the supercells are enlarged upon functionalization. The magnitudes of lattice enlargement mainly depend on the type of functional groups. O atoms cause the largest lattice increase with a magnitude of about 8%, while H atoms cause the smallest one, with a magnitude of about 3%. After functionalization, all the chair conformations have only one type of CÀC bond except the chairlike O-graphene, which has two types (I and II in Figure 1c) , while all the boat conformations have three different types of CÀC bonds (I, II, and III in Figure 2) . Therefore, in all the boatlike structures and the chairlike O-graphene, the symmetry of the hexagonal lattice is broken by functionalization. The CÀC bond lengths (from 1.50 to 1.63 Å, typical of a CÀC single bond) of both the fully functionalized and semifunctionalized graphenes in the chair conformation and the fully functionalized graphene in the boat configuration are significantly larger than that of the pristine graphene (1.42 Å). In the semifunctionalized boat conformation, the lengths of type III bonds range from 1.35 to 1.38 Å, indicative of formation of CdC double bonds between two unfunctionalized C atoms. However, the average bond lengths in the semifunctionalized boat conformation range from 1.47 to 1.53 Å, and they remain larger than that in pure graphene. Such increases in the CÀC bond length are responsible for the increase in the lattice constant of graphene upon functionalization. The thicknesses of the corrugation (h) of the fully functionalized graphenes (chair: h = 0.46À0.54 Å, boat: h = 0.59À0.65 Å) are larger than those of the semifunctionalized graphenes (chair: h = 0.30À0.35 Å, boat: h = 0.40À0.43 Å) because the functionalization of the opposite C atom layer would further pull these C atoms outward so as to meet the geometrical requirement of sp 3 hybridization. h of the boat conformation of each functionalized graphene is larger than that of its chair counterpart because the XÀC bond (X = F, O, or H) in the boat configuration is slightly slanted with respect to that in the chair configuration, and this slant increases the distance between the two layer C atoms.
To estimate the relative stability of different functionalized graphenes, we define a molar (per atom) Gibbs free energy of formation δG for the functionalized graphenes as:
where ÀE C is the cohesive energy per atom of the functionalized graphene, x C and x i (i = H, O, or F) are the Each supercell contains eight C atoms. Structural parameters of the 2D hexagonal lattice supercell of pristine graphene that contains eight C atoms are a = b = 4.92 Å and γ = 120°.
ARTICLE molar fraction of the C atoms and other atoms in the attached groups, respectively, and μ C and μ i are the chemical potentials of the constituents at a given state. 30, 31 We choose μ C as the cohesive energy per atom of pristine graphene, μ H as the 1/2 cohesive energy of the H 2 molecule, μ O as the 1/2 cohesive energy of the O 2 molecule, and μ F as the 1/2 cohesive energy of the F 2 molecule. The formation energy as defined above can be regarded as a measure of the stability against molecular desorption from the graphene surface. The stability of differently functionalized graphene is manifested by formation energies; that is, those with more negative formation energies are more stable. Table 2 presents molar Gibbs free energy of formation (δG) of all the examined functionalized graphenes and those of graphane and graphone for comparison. The chair conformations of the fully functionalized graphenes are slightly more stable than the boat ones by 0.03À0.07 eV per atom, in agreement with previous first-principles density functional predictions. 32 Therefore, both synthesized fully functionalized graphane 18, 19 and graphene fluoride 22 should be in the chair conformation if the reaction is thermodynamically controlled. The higher stability of the chair conformations of the fully functionalized graphenes could be attributed to the higher symmetry of their structures. In the chairlike fully functionalized O-graphene-H, F-graphene-H, and graphane, three angles between one XÀC (X = F, O, or H) bond and its three nearest CÀC bonds are identical, while in the boatlike ones, the angle between the XÀC bond and CÀC bond II differs from the one between the XÀC bond and CÀC bond I/III. In the chairlike fully functionalized O-graphene, there are two different angles between the OÀC bond and CÀC bonds (the angles between the OÀC bond and CÀC bond I/II are 105.7°/58.2°), while in the boatlike one, there are three different angles between the OÀC bond and CÀC bonds (the angles between the OÀC bond and CÀC bond I/II/III are 105.5°/105.6°/57.8°). Therefore, the chair configurations of the fully functionalized graphenes have higher symmetry compared with the boat counterparts, and the C atoms more approach an ideal sp 3 hybridization state. Consequently, the chair configurations of the fully functionalized graphenes have higher stability than the boat ones. The relative stability of the fully functionalized graphenes in the chair configuration decreases in this order: F-graphene-H > graphane > O-graphene-H > O-graphene. In the following work, the less stable boatlike fully functionalized graphenes will not be considered. Unlike the fully functionalized case, the boat configurations are stabilized by 0.18À0.29 eV per atom over the chair ones in the semifunctionalized case. This is due to the formation of CdC double bonds between the two nearest unfunctionalized C atoms in the boat configuration. Similar phenomena also occur in the hydrogenated bilayer graphene described in the previous work. 32 The relative stability of the semifunctionalized graphenes in the boat configuration decreases in this order: OH-graphene > F-graphene > graphone. The actual conformation of semifunctionalized graphenes depends on the reaction path. If we solely functionalize one side of the graphene with the other side intact, we will get the more stable boat conformation. If we first get two-side functionalized graphenes and then remove the functional groups on one side, we are highly likely to get the chair conformation because it is difficult to reconstruct from the chair to the boat configuration due to the totally different group alignments of the two configurations.
The formerly predicted ferromagnetic graphone adopted the chair conformation. 26 Next, we studied the magnetism of the functionalized graphenes. All the checked fully functionalized graphenes are saturated without dangling bonds except the chairlike O-graphene-H, where the O atoms are not saturated. The saturation of the boatlike fully functionalized O-graphene-H is attributed to the fact that the two nearest O atoms form a bond. The boatlike semifunctionalized graphenes are also saturated since CdC double bonds (type III bond in Figure 2b ) are formed between the two unfunctionalized C atoms. Therefore, all the boatlike functionalized graphenes and the chairlike O-graphene and F-graphene-H have no magnetism due to their saturated structures. The 2p electrons in the chairlike OHgraphene, F-graphene, and O-graphene-H associated with the unfunctionalized C atoms or the unsaturated O atoms are unpaired, and the extended pÀp interactions could induce magnetic coupling between the 2p magnetic moments. 26 Ferromagnetically (FM) coupled (Figure 3a) , antiferromagnetically (AFM) coupled (Figure 3b ), and nonmagnetic (NM) states are considered for the chairlike OH-graphene, F-graphene, and O-graphene-H, and we have found that the magnetic state is indeed more stable than the nonmagnetic one. The induced magnetic moments of the chairlike F-graphene and OH-graphene are mainly localized on the unfunctionalized C atoms with a value of 0.80 and 0.88 μ B , respectively Figure 3c shows the spin density of the AFM chairlike F-graphene), while the magnetic moments in the chairlike O-graphene-H are chiefly localized on the O atoms (M O = 0.74 μ B ) and secondarily on the hydrogenated C atoms (M C = 0.14 μ B ) (Figure 3d ). The relative energies of different magnetic configurations of the chairlike F-graphene, OH-graphene, and O-graphene-H are given in Table 3 . Both the chairlike F-graphene and the chairlike OH-graphene have AFM ground states, while the chairlike O-graphene-H has a FM ground state. Using mean-field theory and the energy difference (ΔE) between FM and AFM states of chairlike functionalized graphenes (Table 3) , we can estimate Curie temperature (T C ) and Neel temperature (T N ) by the formula γk B T C /2 = E AFM À E FM and γk B T N /2 = E FM À E AFM , in which γ is the dimension, k B is Boltzmann constant, and E AFM and E FM are energies per cell that contains two C atoms. 26, 33, 34 Although the mean-field theory often overestimates T C , it is a useful tool for trend analysis. The previous work suggests that graphone has a Curie temperature of T C = 278 and 417 K, respectively, when graphone is respectively treated as 3D and 2D. Our calculations show that the Neel temperature of the chairlike F-graphene (T N (2D) = 754 K and T N (3D) = 502 K) and the Curie temperature of the chairlike O-graphene-H (T C (2D) = 522 K and T C (3D) = 348 K) are higher than T C of graphone. But the Neel temperature of the chairlike OH-graphene (T N (2D) = 29 K and T N (3D) = 19 K) is much lower than T C of graphone. The NM boatlike OH-graphene, F-graphene, chairlike O-graphene, and F-graphene-H are all semiconductors as a result of their saturated structures. The NM boatlike OH-graphene and F-graphene have an indirect bandgap of 1.63 and 2.18 eV, respectively (see Figure S1 ), while the NM chairlike O-graphene and F-graphene-H have a direct bandgap of 3.52 and 3.18 eV, respectively (see Figure S2 ). The AFM (ground state) chairlike OHgraphene is also a semiconductor with a direct bandgap of 0.60 eV (see Figure S2 ). The band structure of the FM chairlike OH-graphene is displayed in Figure 4a . It is highly spin polarized, and the bandgap is 0.40 and 4.58 eV in the minority and majority spin channels, respectively. The band structure of the FM chairlike O-graphene-H is shown in Figure 4b . Both spin channels are metallic. There is a large exchange splitting of the conduction bands across the Fermi level (E f ), and the conduction band maxima are 0.47 and 1.44 eV above E f for the majority and minority spins, respectively. Thus only minority spin has nonvanishing transmission probability in the 0.47À1.44 eV energy range above E f , whereas the majority spin transmission is prohibited. Consequently, the minority spin current is expected to be much larger than the majority one under a large bias, suggestive of potential applications of the O-graphene-H in spin-filters. Figure 4c and d show the band structures of the AFM and FM chairlike F-graphene, respectively. The AFM (ground state) chairlike F-graphene is a semiconductor with an indirect bandgap of 1.17 eV, and the FM state has a metallic nature. The conductivity of the chairlike F-graphene can be significantly changed if a magnetic field is applied and stabilizes the FM state. This suggests that a spin-valve with GMR could be built out of the chairlike F-graphene.
The two-probe models of the chairlike O-graphene-H and F-graphene-based devices are depicted in Figure 5a and b, respectively. The FM chairlike O-graphene-H itself is used as metallic electrodes; thus the scattering region is identical to the electrodes (Figure 5a) . We chose the semiplanar nonmagnetic graphene as electrodes to connect a chairlike F-graphene sheet, which is 2.6 nm wide along the transport direction, and an arch deformation occurs in the scattering region upon optimization (Figure 5b) .
The spin-polarized zero-bias transmission spectra T(E) of the chairlike O-graphene-H is presented in Figure 6a . The transmission coefficients at E f in the minority spin channel are apparently larger than those a Curie temperature (T C ) and Neel temperature (T N ) are estimated from the energies when these structures are respectively treated as 2D and 3D. ARTICLE in the majority spin channel. We define the spin-filter efficiency (SFE) at zero bias as
where T min (E f ) and T maj (E f ) represent the transmission coefficient of the minority and majority spin channels at E f , respectively. The calculated SFE at zero bias is 35%. The spin-polarized IÀV bias curves of the chairlike O-graphene-H model are shown in Figure 6b , where I is the current density for the two-dimensional device. Obviously the total current density remains dominated by the minority spin. We define the spin-filter efficiency at the finite bias voltage as
where I min and I maj represent minority and majority spin current density, respectively. We present the SFE versus V bias curve in Figure 6c . With the increase of the bias voltage, the current density of the minority spin increases significantly, but that of the majority spin saturates at about V bias = 0.4 V after a slight increase ( Figure 6b) . As a result, the SFE increases with the increasing bias and reaches 54% at V bias = 0.6 V (Figure 6c) . Therefore, the ferromagnetic metallic chairlike O-graphene-H can produce spin-polarized current.
To understand bias dependence of SFE of the homogeneous chairlike O-graphene-H-based device, we study the bias-dependent electronic structure of the chairlike O-graphene-H electrode and the transmission spectra of the device (Figure 7) . At zero bias, the transmission of this homogeneous device is perfect, and the transmission probability is determined only by the number of states whose momentums have a component toward the transport direction. Roughly the SFE at zero bias can be estimated from the following expression: 
where N(E f ) min and N(E f ) maj are the densities of states (DOS) of the minority and majority spins at E f , respectively. The calculated spin-resolved DOS is given in Figure S3 of Supporting Information, and the estimated SFE is 21%, which is slightly smaller than the exact one (35%). At zero bias, the transmission coefficient of the minority spin first slightly increases with E and then decreases at E = 0.37 eV, and that of the majority spin decreases rapidly with E and vanishes at E = 0.47 eV due to the opening of the bandgap from this energy. At finite bias V bias , E f of the right and left electrode are shifted by V bias /2 and ÀV bias /2, respectively. The transmission spectrum of the minority spin is slightly depressed by V bias . As a result, the current density of the minority spin increases with V bias but is smaller than a linear way. The top of the nontrivial transmission spectrum of the majority spin drops with the increasing V bias as a result of the drop of the valence maximum of the right electrode (Figure 7b and c) . Consequently, a zero transmission region appears in the bias window (Figure 7c) , and its range linearly increases with V bias . At V bias = 0.6 V, this range is 0.13 eV (Figure 7c) . As a result, the current density of the majority spin changes slightly with V bias because the integral area of the transmission spectrum of the majority spin within the bias window is changed slightly. SFE is a ratio of the two current densities and thus increases with V bias . Higher SFE over 54% is also expected under a larger bias as a result of the mechanism discussed above. We also show the spin-resolved eigenchannels with the chief transmission probability of the Γ point at E = 0.2 V under V bias = 0.6 V (Figure 6d ).
There are no eigenchannels of the majority spin, while the eigenchannel of the minority spin (with an eigenvalue of 0.978) extends over the device. The total current densities of the FM and AFM solutions versus V bias curves of the chairlike F-graphene model are shown in Figure 8a . As we expect, the total current density in the FM solution is significantly greater than that in the AFM solution. Figure 8c ARTICLE solutions is due to the different conducting mechanism (metallic versus tunneling). The spin-resolved eigenchannels with the chief transmission probability of the Γ point at E f under V bias = 0.2 V are shown in the insets of Figure 8c and d for the FM and AFM solutions, respectively. The eigenchannels of the FM solution (with eigenvalues of 0.787 and 0.835 for R and β spins, respectively) extend over the device, while those of the AFM solution (with eigenvalues of 0.012 and 0.002 for R and β spins, respectively) decay quickly and cannot reach the right electrode, confirming much larger conductance of the FM solution than that of the AFM solution. Magnetoresistance is defined as
where I FM and I AFM represent current density of the FM and AFM solution, respectively. We present the roomtemperature MR versus V bias curve in Figure 8b . The MR first increases with the increasing bias and peaks at 2200% when V bias = 0.2 V and then starts to decay. The maximum experimental room-temperature MR values are a few hundred percent, 35À37 and the theoretical maximum room-temperature MR of our spin-valve is thus 1 order of magnitude larger than the available experimental maximum values and 2 orders of magnitude larger than the maximum room-temperature MR obtained on the spin-valve built from pure graphene. 7 The highest room-temperature MR obtained in the experiments 35À37 is tunnel magnetoresistance (TMR).
In this type of spin-valve, the relative spin polarization direction of the two ferromagnets on the two electrodes is tuned by the external magnetic field. When the spin polarization direction of the two electrodes is parallel (P), the electrons are always allowed to pass the device in a tunneling way because their spin states are matched on the two electrodes. When the spin polarization direction of the two ferromagnets is antiparallel (AP), the electrons with mismatching spin state on the two electrodes are forbidden to pass the device, and thus the resistance in the AP orientation is larger than that in the parallel orientation. However, in the experimental ferromagnets, 35À37 the spin states in the AP configuration on the two electrodes are not completely mismatched, and there still are electrons tunneling through the device due to the small amount of spin matching on the two electrodes. The mechanism of the spin-valve proposed by us is quite different. We make use of the substantial conduction difference between the semiconducting AFM ground state and metallic FM excited state. The transmission of electrons in the AFM solution is in principle fully forbidden when the channel of the device is long enough. Thus higher MR is obtained in our spin-valve than the experiments based on TMR.
35À37
Our theoretical maximum room-temperature MR for the chairlike F-graphene spin-valve is much lower than the theoretical values of 10 6 À10 9 for the first type ZNGR spin-valves 9,10 but comparable with that of the second type ZGNR spin-valve (unpublished data) since our chairlike F-graphene spin-valve has an identical working mechanism with that of the second type ZGNR spin-valve. When the bias voltage increases to 0.5 eV, the current density in the AFM solution increases significantly and the MR decreases to 700%. The depressed MR with the increasing bias is also found in ZGNR spin-valves.
9,10

CONCLUSION
By first-principles calculations, we demonstrate that functionalization of a nonmagnetic graphene can lead to stable novel magnetic materials with high spin-filter efficiency and giant room-temperature magnetoresistance comparable with that of graphene nanoribbons. This renders functionalized graphene a promising material for high-performance two-dimensional spintronics devices. Compared with ultranarrow graphene nanoribbon spintronics devices, functionalized graphenes allow much larger current with lower requirement in fabrication technique and are more competitive.
METHODS
The geometry optimization and electronic properties are calculated by using the ultrasoft pseudopotentials plane-wave method, as implemented in the CASTEP code. 38, 39 The generalized gradient approximation (GGA) of the PerdewÀBurkeÀErnzerhof (PBE) 40 form is employed for the exchangeÀcorrelation functional. The reciprocal space was represented by a MonkhorstÀPack 41 special k-point scheme with 12Â12Â1 grid meshes. We have constructed supercells consisting of eight carbon atoms to check the magnetism of our functionalized graphenes. All supercells are large enough to ensure that the vacuum space is at least 10 Å, so that the interaction between functionalized graphenes and their periodic images can be safely avoided. Both the atomic positions and lattices are relaxed without any symmetry constraints with a plane-wave cutoff energy of 400 eV. The convergence criteria of energy and force are set to 1 Â 10 À5 eV and 0.03 eV/Å, respectively.
The accuracy of our procedure is tested by calculating the CÀC bond length of graphene: our calculated result of 1.42 Å is the same as the experimental value.
A two-probe model is constructed to study the transport properties. The transport properties are computed by using the DFT coupled with the NEGF formalism implemented in the ATK code. 42À44 The local density approximation (LDA) and normconserving pseudopotentials of the TroullierÀMartins type 45 are used. The single-zeta polarized basis set (SZP) is used, and the mesh cutoff is chosen as 150 Ry. The electron temperature is set to 300 K. The structures of the scattering region are optimized until the maximum atomic force is less than 0.03 eV/Å. The spin-resolved current I σ under bias voltage V bias is calculated with the LandauerÀB€ uttiker formula: 46 I σ (V bias ) ¼ e h Z fT σ (E, V bias )[f L (E, V bias ) À f R (E, V bias )]gdE (6) where T σ (E,V bias ) is the spin-resolved transmission probability, ARTICLE f L/R (E,V bias ) is the FermiÀDirac distribution function for the left (L)/right (R) electrode, and σ is a spin index. The noncollinear spin orientation effect is neglected due to the absence of domain wall in our calculations.
